Photosynthesis offers a convenient means of sustaining biospheres. We quantify the constraints for photosynthesis to be functional on the permanent nightside of tidally locked rocky exoplanets via reflected light from their exomoons. We show that the exomoons must be at least half the size of Earth's moon in order for photosynthesis to operate. This scenario of photosynthesis is unlikely for exoplanets around late-type M-dwarfs due to the low likelihood of large exomoons and their orbital instability over long timescales. We also investigate the prospects for photosynthesis on habitable exomoons via reflected light from the giant planets that they orbit. Our analysis indicates that such photosynthetic biospheres are potentially sustainable on these moons except those around late-type M-dwarfs.
Introduction
The overwhelming majority of Earth's biomass is dependent, either directly or indirectly, on photosynthesis for its maintenance and growth (Bar-On et al., 2018) . This fact is not particularly surprising given that solar radiation constitutes the most dominant free energy source on Earth (Deamer, 1997) . Photosynthesis evolved early in our planet's history -perhaps as early as 3.7 Ga -and the advent of oxygenic photosynthesis led to a major transformation of Earth's geochemical and biological landscape (Knoll, 2015) . The existence of photosynthesis is not only important from the standpoint of sustaining complex biospheres but also as a flag enabling the detection of biosignatures via remote sensing. As oxygenic photosynthesis yields molecular oxygen as a product, much effort has been devoted to modeling the feasibility of detecting biogenic O 2 via spectroscopy (Meadows et al., 2018) . Another notable consequence of photosynthesis is the manifestation of the "vegetation red edge" that may be discernible through spectral observations (Seager et al., 2005) .
For these reasons, a great deal of effort has been devoted to studying the prospects for photosynthesis on other planets and moons. For instance, several studies suggest that the net primary productivity of M-dwarf exoplanets is lower than the Earth (Pollard, 1979; Ritchie et al., 2018) and that planets orbiting late-type M-dwarfs might not build up sufficient atmospheric O 2 despite the presence of photosynthetic lifeforms (Lehmer et al., 2018; Lingam and Loeb, 2019c) . It is, however, important to move away from the conventional paradigm of evaluating photosynthesis on an Earth-like planet orbiting a solar-type star and consider other possibilities. For instance, other studies of photosynthesis have explored environments as diverse as binary and multiple star systems (O'Malley-James et al., 2012; Forgan et al., 2015) , planets orbiting brown dwarfs (Raven and Donnelly, 2013) , brown dwarf atmospheres (Lingam and Loeb, 2019a) , near black smokers (Raven and Donnelly, 2013) , and artificial lights (Raven and Cockell, 2006) .
In this paper, we investigate two distinct scenarios. In the first, we consider potentially tidally locked exoplanets with a permanent nightside, on which photosynthesis is assumed to take place via reflected light from an exomoon orbiting the planet. In the second case, we address photosynthesis on the nightside of an Earth-like habitable exomoon via light reflected from a giant planet around which the moon orbits. Both of these scenarios have been explored in Raven and Cockell (2006) and Cockell et al. (2009) . Our work differs from these two studies in the following respects. First, we quantify the feasibility of photosynthesis not only for Sun-like stars but also for K-and M-dwarfs. Second, we carry out a systematic analysis of the allowed planet-star separations while taking the sizes of the planet and moon as well as other constraints on habitability into account.
The outline of the paper is as follows. In Sec. 2, we describe the mathematical setup to determine the photon fluxes received via reflected light. Next, we study the prospects for photosynthesis on Earth-like planets and moons, while taking habitability constraints into account, in Sec. 3. We end with a summary of our central results in Sec. 4.
Mathematical set-up
There are two distinct cases that we shall investigate, but they can be tackled using the same formalism. In the first, reflected light from an exomoon illuminates the nightside of a tidally locked rocky planet. In the second, reflected light from a Jovian planet illuminates a large and habitable exomoon orbiting it. In both instances, we will refer to the object from which light is reflected as the "primary" and the object on which the reflected light is incident as the "secondary". We use the subscripts 'P' and 'S' to denote the quantities associated with the primary and secondary objects, while the subscript ' ' labels stellar parameters.
In the subsequent analysis, we define photosynthetically active radiation (PAR) as having minimum and maximum wavelengths of λ min = 400 nm and λ max = 750 nm, respectively (Chen and Blankenship, 2011; Nürnberg et al., 2018) . We have deliberately opted to choose a conservative choice based on the limits for oxygenic photoautotrophs on Earth. In theory, it is conceivable that the maximum wavelength for PAR could extend into the near-infrared if multiple photons are utilized per electron transfer, as opposed to Earth-based oxygenic photosynthesis with its two photons per electron mechanism (Wolstencroft and Raven, 2002) . In the same conservative spirit, we do not take into account more exotic versions of photosynthesis such as "chlorinic" (Haas, 2010) or "hydrogenic" photosynthesis (Bains et al., 2014) .
For the sake of simplicity, we assume that the planet under consideration is orbiting the star in a roughly circular orbit and that it receives approximately the same stellar flux as the Earth, thus placing it either within or close to the circumstellar habitable zone (Kasting et al., 1993; Ramirez, 2018) . In this event, its orbital radius is
where the last equality follows from the black body relation for the stellar luminosity. Therefore, the photon flux received by the primary is given by
where the number of photons (comprising PAR) emitted by the star per unit time (Ṅ ) iṡ
assuming a black body spectrum. It is fairly reasonable to model stars as black bodies since the contributions from flares and other stellar processes are not likely to contribute significantly to the PAR flux in most instances (Lingam and Loeb, 2019c) . What we wish to determine, however, is the maximum PAR flux incident on the secondary object (Φ S ). It can be estimated from Φ P using the following formula:
where R P and A P are the radius and albedo (in the PAR range) of the primary, whereas d denotes the orbital radius of the moon around the planet assuming an approximately circular orbit. In deriving the above formula, we have presumed that the atmosphere of the secondary object (i.e., the habitable world under question) is similar to the Earth insofar as its optical depth for PAR is concerned; in other words, the atmosphere is assumed to be optically thin to incoming PAR from the primary object. As there are several free parameters, we will introduce a few assumptions to simplify our analysis. First, we shall work with the conservative choice of λ min = 400 and λ max = 750 nm as these limits are well-documented on Earth. In actuality, the maximum wavelength for PAR may extend to ∼ 1 µm for planets orbiting M-dwarfs (Wolstencroft and Raven, 2002; Kiang et al., 2007) and ∼ 2-3 µm for atmospheric habitable zones in brown dwarfs (Lingam and Loeb, 2019a) . Second, we specify a fiducial value of A P = 0.2 because it is only a factor of 2 removed from the visual albedos of most Solar system bodies.
After employing the above relations and simplifying (4), we end up with
where our normalization for d is based on the current Earth-Moon separation, T is the black body temperature of the Sun, and the function F is defined as
with x 1 ≈ 3.32 (T /T ) −1 and x 2 ≈ 7.12 (T /T ) −1 . If we consider the Earth-Moon system, upon specifying A P = 0.12 and R P = 0.27R ⊕ , we obtain Φ S ≈ 6.4 × 10 14 photons m −2 s −1 . This result is in good agreement with empirical data concerning PAR fluxes arising from the full Moon; estimates for the latter range from ∼ 3-30 × 10 14 photons m −2 s −1 (Gorbunov and Falkowski, 2002; Raven and Cockell, 2006) .
In order for Earth-like photosynthesis to function, a minimum photon flux is necessary. This lower limit can be determined from physicochemical considerations and has a value of Φ c ≈ 1.2 × 10 16 m −2 Figure 1 : The maximum separation (d) between the planet and the moon (in units of R ⊕ ) for photosynthesis to occur on the nightside of the planet at full moon, as a function of the stellar temperature (in K). The various curves correspond to d for different exomoon sizes. The horizontal red line corresponds to the Roche limit for an Earth-analog assuming that the exomoon's composition is similar to that of Earth's moon. s −1 for photosynthetic organisms on Earth (Raven et al., 2000) . Thus, by imposing the fact that Φ S Φ c , we arrive at the following inequality:
The left-hand-side of the above equation has a dependence on four different parameters. Henceforth, we will hold A P constant for the reasons elucidated earlier and investigate the dependence on the other three variables.
Photosynthesis on planets and moons
We will now tackle the two distinct cases that were outlined in Secs. 1 and 2.
Photosynthesis on Earth-like planets
This scenario corresponds to a tidally locked exoplanet orbiting a star, which is expected to be ubiquitous for planets in the habitable zone of dwarf stars (Barnes, 2017) . It is conceivable that some of the best-known planets discovered in recent times such as Proxima b (Anglada-Escudé et al., 2016) and the seven planets around TRAPPIST-1 (Gillon et al., 2017) might belong to this category. As the nightside would always face away from the star, it cannot support photosynthesis on its own because it does not receive stellar radiation. However, the existence of an exomoon can, perhaps, enable photosynthesis at full moon on the planetary nightside provided that (7) is satisfied. Figure 2 : The minimum moon radius (in R ⊕ ) required in order to enable photosynthesis to occur on the nightside of a tidally locked planet, as a function of the stellar temperature (in K). The parameters for Earth's moon (the black dot) are shown for reference. Fig. 1 shows the maximum separation between the planet and the moon (d) that still permits photosynthesis to occur on the nightside at full moon as a function of the stellar temperature for different exomoon sizes. 1 As the moon size gets smaller, d also decreases along expected lines. When the stellar temperature is lowered, fewer PAR photons are received, causing d to decrease in order to compensate for the reduction in PAR flux. We have also plotted the Roche limit (d L ) for an Earth-like planet under the assumption that its exomoon has a mean density comparable to the Moon; for fluid satellites, d L is expressible as
where R planet is the planet's radius, while ρ planet and ρ moon are the densities of the planet and its moon, respectively (Murray and Dermott, 1999) . The significance of the Roche limit stems from the fact that d < d L would lead to disruption of the exomoon due to tidal forces exerted by the planet. If we substitute d = d L in (7), we can determine the lower bound on the radius of the exomoon as a function of the stellar temperature. The resulting criterion has been plotted in Fig. 2 . This figure implies that the minimum exomoon radius must be approximately half the radius of the Earth's moon. As no exomoons have been conclusively identified so far, 2 the frequency of large exomoons as a function of the star spectral type remains unknown. However, theoretical considerations suggest that compact exoplanetary systems around low-mass star (e.g., TRAPPIST-1) have a low likelihood of hosting exomoons (Kane, 2017) . 1 We have chosen to truncate the stellar temperature in the plots at T ≈ T , as it is unlikely for exoplanets to be tidally locked around more massive stars over Gyr timescales, except under special circumstances (Barnes, 2017) .
2 The evidence for a Neptune-sized exomoon orbiting Kepler-1625b (Teachey and Kipping, 2018) is ambiguous, and other interpretations have been proposed (Kreidberg et al., 2019) . There is another vital issue that must be taken into account. If the exomoon's orbit is not stable, any photosynthesis driven by it will be transient in nature. Hence, it is important for the exomoon to be able to survive over long timescales without escaping the planet or being disrupted. The issue of the orbital stability of exomoons is complex because it is sensitive to the initial spin period of the planet, the tidal dissipation factor of the planet, the mass of the exomoon, the initial moon-planet and planet-star separation, the orientation of their orbital planes, and the spectral type of the host star among other factors. Sasaki and Barnes (2014) carried out numerical simulations and found that stars with stellar mass M < 0.4M were unlikely to host exomoons over Gyr timescales for a wide range of bulk compositions for the planet-moon system. On the other hand, numerical results from Piro (2018) indicate that stars with M < 0.5M might be able to retain their moons over timescales of ∼ 10 9 yrs if the planet was initially situated outside the habitable zone before potentially migrating inwards. This inward migration could have occurred for the planets of the TRAPPIST-1 system (Unterborn et al., 2018) and other planetary systems detected by the Kepler mission (Winn and Fabrycky, 2015) .
Photosynthesis on Earth-like moons
The second scenario we consider is a large exomoon with an Earth-like atmosphere (albeit not necessarily the same size) orbiting a gas giant planet in the habitable zone (Williams et al., 1997; Heller et al., 2014) . In this setting, starlight reflected from the giant planet would illuminate the moon during its night and enable photosynthesis; the relevant geometry for this case has been illustrated in Cockell et al. (2009) .
We can estimate the constraints on the planet-moon separation by making use of (7) and carrying out an analysis along the lines of Sec. 3.1. However, it is important to appreciate a couple of distinctions. Recall that, as per our notation, R P now refers to the radius of the gas giant, which we shall measure in units of Jupiter's radius (R J ). Second, by using (8), we find that the Roche limit is d L ≈ 1.53R planet after supposing that the densities of the giant planet and the habitable exomoon are similar to that of Jupiter and Earth, respectively.
However, this is not the only constraint on the planet-moon separation (d). Assessing the habitable zone for an exomoon is a complex endeavor because it depends not only on the properties of the classical circumstellar habitable zone (e.g., stellar flux) but also the eccentricity of the moon's orbit, its inclination to the ecliptic, its rheology, the mass of the giant planet, and the value of d to name a few (Heller et al., 2014; Dobos and Turner, 2015; Forgan and Dobos, 2016; Dobos et al., 2017) . In view of this complexity, it is difficult to identify a realistic lower bound on d. However, when the stellar insolation received by the planet-moon system is similar to that incident on the Earth, a cutoff of d min ≈ 10R planet appears to be reasonable (Heller and Barnes, 2015; Zollinger et al., 2017) . When d < d min , the planet is susceptible to a runaway greenhouse effect for O 10 8 yr, and could therefore end up losing much of its water inventory during this period (Heller and Barnes, 2015) .
The maximum planet-moon separation that permits photosynthesis at night on the exomoon by way of reflected light from the giant planet is plotted in Fig. 3 . At all stellar temperatures, we find that d > d min . Hence, it would seem as though there exist regions of parameter space where the exomoon is situated sufficiently far from the planet so as to remain habitable while simultaneously able to receive enough PAR to power photosynthesis via reflected light.
However, there is another factor that needs to be taken into consideration. As the habitable zones of low-mass stars are located at close-in distances, any exomoons in this region are subject to strong tidal torques from the star. Numerical models indicate that exomoons in habitable zones around stars with M 0.2M are unlikely to be habitable because of stellar perturbations, and even those around stars with 0.2M < M 0.5M may experience considerable stellar gravitational effects (Heller, 2012; Zollinger et al., 2017) .
Conclusion
The conventional version of photosynthesis experienced on Earth occurs during the day via PAR received directly from the Sun. However, as noted in Raven and Cockell (2006) and Cockell et al. (2009) , a number of other situations are also feasible for photosynthesis in principle. We have carried out a quantitative analysis of these alternatives for stars, planets and moons of different types.
As tidally locked exoplanets have a permanent nightside, photosynthesis is not conventionally feasible in this hemisphere. However, if the planet has a fairly large moon, the reflected light during the full moon might be capable of powering photosynthesis on the nightside. If viable, photosynthesis would operate with a periodicity equal to the orbital period of the exomoon. By computing the flux of PAR incident on the planet during full moon, we found that the moon must be 10% the size of the Earth if its albedo is similar to the Earth's moon. Based on dynamical considerations, we argued that "photosynthesis by moonlight" is relatively unlikely for planets around M-dwarfs as they have a low likelihood of hosting large, long-lived moons.
One can reverse this situation and conceive an Earth-like habitable moon orbiting a gas giant that is situated within the habitable zone of a main-sequence star. During the night, reflected light from the planet can illuminate the habitable exomoon and thereby power photosynthesis. We showed that there are regions of parameter space for the planet-moon separation where the exomoon can have a habitable climate while also receiving enough PAR reflected from the planet. However, because of tidal heating and orbital stability, habitable exomoons are unlikely to exist around late-type M-dwarfs (with M 0.2M ). Although we have determined that a photosynthesis-based biosphere is permitted for a wide range of stars and planet-moon separations, the NPP of the corresponding biosphere might be much lower compared to the Earth's biosphere. In fact, if we assume that the biosphere is photon-limited, i.e., restricted by PAR flux, the NPP on the nightside of a tidally locked exoplanet due to reflected moonlight will be ∼ 5 orders of magnitude smaller than the Earth's NPP. Of course, one should recognize that other physical and chemical constraints also govern the NPP such as the access to nutrients, water, and reactants as well as the ambient temperature.
In summary, we have investigated the constraints on photosynthesis via reflected light from one object incident on another object in a planet-moon system situated in the habitable zone of the host star. Our analysis indicates that such photosynthesis may be feasible, although by no means guaranteed, provided that M 0.2M . 3
